ABSTRACT Particular alkaloids produced by Neotyphodium endophytes show toxicity to invertebrates. Italian ryegrass (Lolium multiflorum Lamarck) cultivars and strains that are symbiotic with Neotyphodium endophytes have been recently established in Japan. N. uncinatum-infected Italian ryegrass lines accumulate N-formylloline, a type of loline alkaloid (1-aminopyrrolizidine) showing neurotoxicity to herbivorous insects. This study investigated the toxicity of N-formylloline and resistance of N. uncinatum-infected Italian ryegrass to vascular-sap feeding Clypeorrhynchan pests. When four vascular-sap feeding insects: Laodelphax striatellus (Fallé n) (Homoptera: Delphacidae), Sogatella furcifera (Horváth) (Homoptera: Delphacidae), Cicadulina bipunctata (Melichar) (Homoptera: Cicadellidae), and Nephotettix cincticeps (Uhler) (Homoptera: Cicadellidae) fed on N. uncinatum-infected Italian ryegrass, signiÞcant decreases in survival rate were observed for three phloem-sap feeders but not for a xylem-sap feeder, N. cincticeps. This result suggests an uneven distribution of N-formylloline among plant tissues. A potency assay for N-formylloline using a ParaÞlm feeding sachet and a quantitative analysis of N-formylloline in plant showed a concentration-dependent lethal effect of N-formylloline on all four tested vascular-sap feeders. Our results strongly suggest that N. uncinatum-infected plants can control some Clypeorrhynchan pests in crop Þelds.
The Neotyphodium endophyte is a symbiotic fungus in association with gramineous plants. This endophyte shows both negative and positive impacts on agriculture through its production of chemicals. Certain alkaloids produced by Neotyphodium species have negative impacts on animal health (Siegel et al. 1987 , Bush et al. 1993 , Schardl and Phillips 1997 , Clay and Schardl, 2002 . Ergovaline produced by N. coenophialum (Morgan-Jones and Gams) Glenn, Bacon and Hanlin, a symbiont with tall fescue, Festuca arundinacea Schreb, causes toxicosis in grazing mammals (Porter et al. 1981) ; perennial ryegrass, Lolium perenne L., in symbiosis with N. lolii (Latch, Christensen and Samuels) Glenn, Bacon and Hanlin, causes neuromuscular disorder staggers in mammals because of the production of lolitrem B (Gallagher et al. 1981) . These Neotyphodium-infected plants tend to be dominant species in grass Þelds, probably because they increases the Þt-ness of host plants by improving drought tolerance and resistance to natural enemies (Siegel et al. 1987 , Schardl et al. 2004 .
Some other alkaloids produced by Neotyphodium species, however, show positive effects on forage production. Peramine (pyrrolopyrazine) prevents oviposition and feeding by the Argentine stem weevil, Listronotus bonariensis (Kuschel), one of the most serious insect pests in New Zealand (Rowan and Gaynor 1986) . Loline alkaloids (1-aminopyrrolizidine) increase the insect resistance of host plants, but do not show toxicity to mammals Phillips 1997, Schardl et al. 2004 ). In particular, one type of loline alkaloid, N-formylloline ( Fig. 1) , shows high neurotoxicity to herbivorous insects (Schardl et al. 2007 , Simon et al. 2008 . These beneÞcial alkaloids produced by Neothyphodium species have been already used in forage grass production (Bouton 2007) .
Italian ryegrass, Lolium multiflorum (Lam.), is one of the major forage grasses in Japan. Recently, cultivars and strains of Neotyphodium-infected Italian ryegrass containing N-formylloline were established by artiÞcial inoculation of N. uncinatum (Gams, Petrini and Schmidt) Glenn, Bacon and Hanlin, an endophyte of meadow fescue, Festuca pratensis (Huds.) (Kasai et al. 2004 ) and selection from the Þeld (Sugawara et al. 2006) . These Neotyphodium-infected Italian ryegrass lines showed high resistance to the rice leaf bug, Trigonotylus caelestialium (Kirkaldy), owing to the produc-tion of N-formylloline by symbiotic Neotyphodium endophytes (Shiba et al. 2007, Shiba and Sugawara 2009 ). These new Neotyphodium-infected Italian ryegrass lines are expected to be novel materials to control a wide range of gramineous pests.
This study focused on the resistance of N. uncinatum-infected Italian ryegrass to Clypeorrhynchan insects that contain large numbers of serious sap-feeding pests. The lethal effect of Neotyphodium-infected Italian ryegrass has been reported to only T. caelestialium. Furthermore, the effects of loline alkaloids on Clypeorrhynchan insects have not been investigated except for one Þeld study that showed a negative correlation between endophyte infestation level and abundance of some leafhoppers (Kirfman et al. 1986 ). Here, we experimentally veriÞed the toxicity of N-formylloline and the resistance of N. uncinatum-infected Italian ryegrass to four Clypeorrhynchan vascular-sap feeding pests.
Materials and Methods
Insects. Two planthoppers and two leafhoppers were used in this study. The small brown planthopper, Laodelphax striatellus (Fallé n) (Homoptera: Delphacidae), is a serious pest of rice in East Asia, transmitting rice viruses such as rice stripe virus and rice black-streaked dwarf virus (Kisimoto 1967 , Zhang et al. 2001 . The whitebacked planthopper, Sogatella furcifera (Horváth) (Homoptera: Delphacidae), causes leaf-sheath browning by feeding on rice at the tiller stage (Dale 1994) and recently, became one of the most serious pests by becoming a vector insect for the southern rice black-streaked dwarf virus in northern Vietnam, southern China, and western Japan (Zhou et al. 2008, Matsumura and Sakai 2011) . L. striatellus and S. furcifera migrate from China to Japan by strong westerly winds from May to June (Otuka et al. 2010 , Syobu et al. 2011 and the low-level jet stream from June to July (Kisimoto 1976; Otuka et al., 2006 Otuka et al., , 2008 , respectively.
The orange leafhopper, Cicadulina bipunctata (Melichar) (Homoptera: Cicadellidae), is distributed widely from East to North Africa, across the Indian Ocean, the southern Palaearctic, and in the Oriental Region from Japan to northern Australia (Webb 1987) . Orange leafhoppers inject a chemical(s) into host plants and induce maize wallaby ear symptom in rice, wheat, oats, and Italian ryegrass, as well as maize (Maramorosch et al. 1961 ). The green leafhopper, Nephotettix cincticeps (Uhler) (Homoptera: Cicadellidae), is distributed from South to East Asia and is as a serious pest of rice as the two planthoppers. This leafhopper causes grain-yield loss by feeding on rice at the heading stage and transmits several viruses and phytoplasma through its feeding activity (Dale 1994) .
L. striatellus was originally collected from gramineous weeds in a rice Þeld in Yame, Fukuoka (33.24Њ N, 130 .67Њ E) in April 2009; S. furcifera was originally collected from a rice Þeld in Koshi, Kumamoto (32.87Њ N, 130 .74Њ E) in June 1999; C. bipunctata was originally collected from a forage maize Þeld in Kyokushi, Kumamoto (32.57Њ N, 130 .50Њ E) in September 2000; and N. cincticeps was originally collected from gramineous weeds in a rice Þeld in Jonan, Kumamoto (32.43Њ N, 130 .44Њ E) in March 2007. All insects were maintained on rice seedlings (a japonica type rice variety ÔReihoÕ) for several generations at 25ЊC and 16-h light and 8-h dark photocycle.
Effect of Neotyphodium-Infected Italian Ryegrass on Insect Survival. A N. uncinatum-infected Italian ryegrass (cultivar ÔBishamonÕ, Japan Grassland Farming and Forage Seed Association, Tokyo, Japan) and a noninfected line (control) (cultivar ÔTachiwaseÕ, Snow Brand Seed Co. Ltd., Hokkaido, Japan) were used in this bioassay. Bishamon is artiÞcially infected with N. uncinatum, which was originally symbiotic with meadow fescue (Kasai et al. 2004) . This N. uncinatum-infected plant accumulates N-formylloline particularly in the head at the ßowering stage (Ϸ1,400 g/ml on average) and in seeds (Ϸ3,000 g/ml on average) (Kasai et al. 2006) . Bishamon accumulates another but quite lower density of loline alkaloid, N-acetylloline (Kasai et al. 2006) , therefore, we focused on the effect of N-formylloline on insect survival. We used seedlings of Italian ryegrass for experiments. N. uncinatum in Bishamon may not be physiologically active at young seedling stage; however, young seedlings of Bishamon contain to some extent densities of N-formylloline which had been accumulated in seeds and probably been transported into stem and leaves after they sprouting. The infection rate of N. uncinatum on Italian ryegrass seeds used in this study was 82.5% (i.e., 17.5% of Bishamon was N. uncinatum free). A N. uncinatum-free Bishamon cultivar has not been established and few N. uncinatumfree Bishamon seeds were available for the experiments; therefore, we used Tachiwase as a control plant in this study. We preliminarily conÞrmed that seedlings of both Tachiwase and N. uncinatum-free Bishamon have signiÞcantly lower resistance to Clypeorrhynchan insect (Survival rates of adult C. bipunctata after 5-d feeding were signiÞcantly lower on both Tachiwase (36.0 Ϯ 5.4%; ϮSE) and N. uncinatumfree Bishamon (43.3 Ϯ 6.9%) than N. uncinatum-infected Bishamon (12.4 Ϯ 3.2%).
Five seedlings at 1 wk after seeding in a plastic cup (200 ml volume) Þlled with soil were covered with an acrylic cylinder with a small air vent. Adult females were released to the seedlings at 25ЊC and a 16-h light and 8-h dark photoperiod, and the number of survivors was counted every 2 d from the 2nd to the 10th d after the release. The released density and number of replications were 20 (insects/cup) ϫ 8 (replications) for L. striatellus and C. bipunctata, 10 ϫ 8 for S. furcifera and 5 ϫ 12 for N. cincticeps.
Quantitative Effect of N-Formylloline on Insect Survival. Two experiments were conducted to clarify the quantitative effect of N-formylloline on the insects. Firstly, we examined a dose-dependency of the chemical (N-formylloline) to insect survival using ParaÞlm feeding sachets as described in a previous study (Shiba and Sugawara 2009) . N-formylloline puriÞed from endophyte-infected meadow fescue by KNC Laboratories (Hyogo, Japan) was diluted with 5% (wt:vol) of sucrose to 0 (control), 50, 100, and 500 parts per million (g/ml). Aliquots (1 ml) of the N-formylloline-sucrose solutions were individually packed between two pieces of 5 ϫ 5 cm ParaÞlm membranes (Pechiney Plastic Packaging Company, Chicago, IL). Insects were released into a plastic cup (80 ml volume), and the cup was covered with the ParaÞlm membrane so that the insects could feed on the N-formylloline-sucrose solution through the ParaÞlm membrane. A small hole (Ϸ1 cm diameter) on the bottom of the plastic cup was Þlled with cotton for ventilation. The released density (insects/cup) was 10 for N. cincticeps and 20 for the other tested insects. The number of survivors in each cup at 24 h after releasing was counted. All treatments had Þve replications. Either adult females or young (Þrst or second instar) nymphs were individually tested in this assay. Temperature and photoperiodic conditions were Þxed at 25ЊC and 16-h light and 8-h dark throughout the experiment.
Quantitative effect of N-formylloline in Italian ryegrass was examined by another experiment. Ten adult females of C. bipunctata were released on a Bishamon that was seeded in a plastic cup (200 ml volume) and had been cultivated for 2 wk at 25ЊC and a 16-h light and 8-h dark photoperiodic condition. Number of survivors was daily counted from the 1st to 15th d after the releasing day. In this experiment, the lethal time for 50% survival (LT50) was adopted as an indicator of insect resistance in individual plants. This value is expected to be shorter in plants that have higher resistance to C. bipunctata. Least-square estimation of nonlinear parameters (Marquardt 1963 ) was used to estimate LT50. Fifteen days after the release of C. bipunctata, all insects were removed from the plant, and concentrations of N-formylloline in whole aerial part of the plant was determined using GC (GC-4000, GL Science, Tokyo, Japan) as the method described in Shiba and Sugawara (2009) . Forty plants were used for this experiment.
Statistical Analyses. Survival rates between insects feeding on N. uncinatum-infected and noninfected Italian ryegrasses were compared with the t-test after arcsine transformation of the survival data. Survival rates of insects feeding on different concentrations of N-formylloline-sucrose solutions were multiply compared using DunnettÕs test after an arcsine transformation of the survival data. Effect of N-formyllolinesucrose solution on adult and nymph were compared using two-way analysis of variance (ANOVA) (twoway ANOVA, factors were concentration of the solution (0, 50, 100, and 500 g/ml) and developmental stage of insects (nymph and adult). Correlations between the arcsine-transformed survival rates and the log-transformed N-formylloline concentrations were examined with PearsonÕs product-moment correlation test. Relationship between LT50 of C. bipunctata feeding on Bishamon and N-formylloline density (logtransformed) in the plant was examined with PearsonÕs product-moment correlation test. All analyses were conducted with R 2.6.0 (R Development Core Team, 2005) .
Results

Survival Rate of Sap-Feeding Insects on
Neotyphodium-Infected Italian Ryegrass. The lethal effect of N. uncinatum-infected Italian ryegrass was different among insects. Survival rates of L. striatellus, S. furcifera, and C. bipunctata on N. uncinatum-infected plants were signiÞcantly lower than those on noninfected plants (Fig. 2AÐC ). The differences were observed after 2 or 4 d from the beginning of infestation, and Ϸ30% or fewer individuals survived after infestation for 10 d. However, no clear lethal effect of N. uncinatum-infected Italian ryegrass was evident for N. cincticeps. The survival rate of N. cincticeps on the N. uncinatum-infected cultivar was not signiÞcantly lower than that of Tachiwase during the feeding period (Fig. 2D) , although the survival rates gradually decreased to Ϸ50% on average in both varieties.
Dose Dependency of N-Formylloline to the Survival of Insects. Remarkable decreases in survival rate were observed for all four insects feeding on N-formylloline-sucrose solutions. Survival rates for all the treatments except the adult N. cincticeps feeding on 50 Fig. 2 . Survival rate of insects (adult females) feeding on Neotyphodium-infected Italian ryegrass (Bishamon) and a noninfected Italian ryegrass cultivar (Tachiwase). The number of survivors was counted from the 2nd to 10th d after releasing insects to the plants. Asterisks indicate a signiÞcant difference of survival rate between varieties (t-test after arcsine transformation; *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001).
g/ml of N-formylloline solution were signiÞcantly lower than those feeding on the control solution (DunnettÕs test; P ϭ 0.05) (Fig. 3) . A signiÞcant correlation between N-formylloline concentration and survival rate was observed for both adults and nymphs of all tested species (PearsonÕs product-moment correlation test; P ϭ 0.05). No signiÞcant effect of Nformylloline on survivals between adult and nymph was detected in all tested species (two-way ANOVA, F stage ϭ 0.247, df ϭ 1, P stage ϭ 0.625 in L. striatellus; F stage ϭ 0.086, df ϭ 1, P stage ϭ 0.772 in S. furcifera; F stage ϭ 0.094, df ϭ 1, P stage ϭ 0.763 in C. bipunctata; F stage ϭ 1.974, df ϭ 1, P stage ϭ 0.175 in N. cincticeps).
A similar signiÞcant correlation between chemical density and insect survival was also observed in Nformylloline contained in plant and C. bipunctata fed on it. The tested Italian ryegrass ÔBishamonÕ contained 811.6 Ϯ 592.9 (g/ml Ϯ SD) of N-formylloline in the whole aerial part, and LT50 of adult female of C. bipunctata was 3.4 Ϯ 2.7 (days Ϯ SD) on average (Fig.  4) . A signiÞcant negative correlation between N-formylloline concentration and LT50 was observed (PearsonÕs product-moment correlation test; t ϭ Ϫ2.714; df ϭ 38; P ϭ 0.010), although coefÞcient of determination (R 2 ) was very low because of higher variation of LT50 particularly in plants containing lower concentrations of N-formylloline (Fig. 4) .
Discussion
This study conÞrmed that N. uncinatum-infected Italian ryegrass showed a lethal effect on some vascular-sap feeding insects. Survival rates of L. striatellus, S. furcifera, and C. bipunctata feeding on N. uncinatum-infected plants were signiÞcantly lower than those on noninfected plants (Fig. 2AÐC) . L. striatellus and S. furcifera are phloem-sap feeding insects (Auclair and Baldos, 1982, Hayashi and Chino 1986) , and C. bipunctata is probably also a phloem-sap feeder because of the high concentration of sugars in its wastes (K. Matsukura and M. Matsumura, unpublished) . Lethal effects of loline alkaloids are known in several phloem-sap feeding insects and some aphids on perennial ryegrass and tall fescue (Siegel et al. 1990, Prestidge and Ball 2002) .
A loline alkaloid, N-formylloline, produced by symbiotic N. uncinatum showed toxicity to all tested Clypeorrhynchan insects. Most individuals of all tested insects died when they fed on 500 g/ml of N-formylloline solution (Fig. 3) . This is the Þrst direct evidence that N-formylloline have lethal effects on Clypeorrhynchan insects. The lethal effect of N-formylloline decreased as the concentration decreased, and all tested species survived to some extent after 1-d feeding of 50 g/ml of the N-formylloline solution (Fig. 3) . This indicates that N-formylloline has a concentration-dependent lethal effect on Clypeorrhynchan insects. The concentration-dependent lethal effect was also conÞrmed through feeding the insects on N-formylloline producing Italian ryegrass. A signiÞ-cant negative correlation between N-formylloline concentration in plant and LT50 of C. bipunctata fed on the plant was observed (Fig. 4) . This indicates that N-formylloline in Italian ryegrass remains its concentration-dependent toxicity to Clypeorrhynchan pests. The low coefÞcient of determination between LT50 and N-formylloline concentration in plant (R 2 ϭ 0.162; Fig. 4 ) is probably because of localization of N-formylloline in Italian ryegrass. Relatively higher concentrations of N-formylloline were contained in ear, stem, and leaf sheath than leaf blade and near part of the roots in this cultivar at heading and ßowering stages (Kasai et al. 2006 ). This localization can often cause higher mortality of insect even on plant containing relatively lower amount of N-formylloline in whole aerial part. Nevertheless, the observed signiÞcant negative correlation between N-formylloline concentra- Fig. 3 . Survival rate of insects (A, adult females; B, young nymphs) after feeding on a N-formylloline solution diluted with sucrose water. The number of survivors was counted at 24 h after releasing insects to containers holding the solution covered with a ParaÞlm membrane. Asterisks indicate a signiÞcant difference in survival rate from the control (0 g/ml) (DunnettÕs test after an arcsine transformation; P ϭ 0.05). Fig. 4 . Relationship between N-formylloline concentration in Italian ryegrass (Bishamon) and LT50 of adult female of C. bipunctata fed on it. SigniÞcant negative correlation was observed between N-formylloline concentration and LT50 (PearsonÕs product-moment correlation test; t ϭ Ϫ2.714; df ϭtion in plant and LT50 of insect means that Italian ryegrass that contains higher densities of N-formylloline would have a higher toxic effect to some phloemsap feeding insects.
No clear lethal effect of the N. uncinatum-infected Italian ryegrass was observed on N. cincticeps (Fig. 2D ) despite of our Þnding that N-formylloline has a clear lethal effect on N. cincticeps (Fig. 3) . Unlike the other three insects, N. cincticeps prefers to feed on xylem-sap rather than phloem-sap (Naito 1976) . Hence, it is likely that N. uncinatum-infected plant may not be lethal to xylem-sap feeding insects. Neotyphodium multiplies within the intercellular spaces of the host plant (Moon et al. 2000 , Sugawara et al. 2004 ); however, the tissue localization of chemicals released from Neotyphodium to plant tissues remains unknown. Further studies on the localization of loline alkaloids in plants are needed to clarify the relationship between feeding habitat of insects and toxicity of N-formylloline in plants.
The Þnding that N. uncinatum-infected Italian ryegrass showed a lethal effect on some phloem-sap feeding pests contributes to efforts to control these pests in crop Þelds. Italian ryegrass is a major winter forage grass in most parts of Japan. Although no serious pests of Italian ryegrass are recognized in these areas, Italian ryegrass has become a suitable host plant for many pests such as L. striatellus and C. bipunctata during winter because these pests overwinter and multiply on Italian ryegrass from winter to early spring (Dale 1994 ). Cultivation of Neotyphodiuminfected Italian ryegrass can suppress the densities of these pests from winter to spring, thereby contributing to decreased densities of pests attacking summer crops such as rice and maize.
It remains to be established how to best use the pest control method using Neotyphodium-infected plants.
The N-formylloline concentration in N. uncinatuminfected Italian ryegrass varied remarkably among plant parts and developmental stages; concentrations reached Ͼ1,000 g/ml in heads and seeds, whereas undetectable levels or Ͻ100 g/ml of N-formylloline accumulated in the whole plant before the heading stage, or in leaf blades and leaf sheaths even after the heading stage (Kasai et al. 2006) . Our results show that the lethal effect of N-formylloline is concentrationdependent (Figs. 3 and 4) . ClariÞcation of the relationship between N-formylloline concentration and plant status (e.g., plant stage and plant tissue) is an important subject for future investigation. The improvement of N-formylloline concentration in plants using applied techniques such as breeding and proper cultivation also warrants additional study.
